The afterglow light curves of some gamma-ray bursts (GRBs) show a shallow decay (plateau) phase implying continuous injection of energy. The source of this energy is very commonly assumed to be the spin-down power of a nascent millisecond magnetar. The magnetic dipole radiation torque is considered to be the mechanism causing the spin-down of the neutron star. This torque has a component working for the alignment of the angle between rotation and magnetic axis, i.e. inclination angle. Here, we demonstrate the evolution of the inclination angle and magnetic dipole moment of nascent magnetars associated with GRBs. We constrain the initial inclination angle, magnetic dipole moment and rotation period of seven magnetars by modelling the seven long-GRB afterglow light curves. We find that, in its first day, the inclination angle of a magnetar decreases rapidly. The rapid alignment of the magnetic and rotation axis may address the lack of persistent radio emission from mature magnetars. We also find that in three cases the magnetic dipole moments of magnetars decrease exponentially to a value a few times smaller than the initial value. The braking index of nascent magnetars, as a result of the alignment and magnetic dipole moment decline, is variable during the afterglow phase and always greater than three.
INTRODUCTION
The plateau phase in the afterglow emission of GRBs are suggested to be associated with magnetars (Usov 1992; Duncan & Thompson 1992; Kluźniak & Ruderman 1998; Dai & Lu 1998a,b; Zhang & Mészáros 2001; Bucciantini et al. 2008; Metzger et al. 2011) and, therefore frequently modelled by employing the spin-down power of a magnetar (Fan & Xu 2006; Troja et al. 2007; Dall'Osso et al. 2011; Rowlinson et al. 2010 Rowlinson et al. , 2013 Gompertz et al. 2013; Fan et al. 2013; Lü & Zhang 2014; Rowlinson et al. 2014; Rea et al. 2015; Lü et al. 2017; Gompertz & Fruchter 2017; Lasky et al. 2017; Knust et al. 2017; Gompertz & Fruchter 2017; Li et al. 2018; Stratta et al. 2018; Lü et al. 2019) The radiation emitted by a rotating neutron star has long been considered to be due to its magnetic dipole moment and studied in the framework of the magnetic dipole braking model (Gold 1968; Pacini 1968) . For a neutron star rotating in vacuum this model predicts a spin-down relation of the formΩ = −KΩ 3 where Ω is the angular velocity of the star, K ≡ 2(µ sin α) 2 /(3Ic 3 ), c is the speed of light, µ is the magnetic dipole moment of the star, I is the moment of inertia and α is the inclination angle. From this one can solve the spin-down luminosity, L sd = −IΩΩ, as L sd = L 0 (1 + t/t 0 ) −2 where L 0 = IKΩ 4 0 and t 0 = 2KΩ 2 0 −1 . This leads to L sd ∝ t −2 at late time. If the second derivative of the angular velocity (Ω) is measured, the braking index n ≡ΩΩ/Ω 2 can be determined. The value of the braking index is used for the assessment of the pulsar spin-down mechanisms and models. Magnetic dipole braking model predicts a constant braking index of n = 3. The braking indices of conventional pulsars measured to date (Lyne et al. 1993 (Lyne et al. , 1996 Livingstone et al. 2007; Espinoza et al. 2011; Livingstone & Kaspi 2011; Roy et al. 2012; Archibald et al. 2015; Ferdman et al. 2015; Antonopoulou et al. 2015) are less than three except for PSR J1640-4631 (Archibald et al. 2016) .
Recently, (Lasky et al. 2017 ) (see also Lü et al. (2019) ) have invoked the somewhat more general spin-down relatioṅ Ω ∝ −Ω n for modelling the spin-down of putative magnetars in two short GRBs. This model involves the assumption that the braking index is constant and has the solution L sd = L 0 (1+t/t 0 ) −(n+1)/(n−1) . From the fits to the light curves of two short GRBs, GRB 130603B and GRB 140903A (Lasky et al. 2017) , found the value of the braking indices of the putative magnetars as n = 2.9 ± 0.1 and n = 2.6 ± 0.1, consistent with the measured braking indices of conventional pulsars. For ordinary pulsars with ages of 10 3 − 10 4 yr the assumption of constant braking index may be reasonable for an episode of 10 days. The light curves of GRB afterglow, on the other hand, from the first second to 10 days, amount to more than 5 decades of data and assuming a constant braking index is not warranted for these cases.
Moreover, the alignment of the inclination angle due to the magnetic dipole torque acting on a neutron star is expected as the system will evolve in a way to reduce the spin-down losses (Philippov et al. 2014) , but is usually neglected for ordinary pulsars on the grounds that its progress would be slowed-down, for non-spherical pulsars, by dissipation due to the presence of a solid crust (Goldreich 1970) . It is not possible to justify the neglect of the alignment component for nascent magnetars taking role in GRBs as their crust may not have solidified yet as also suggested by Lander & Jones (2018) . Xu & Huang (2015) studied the effect of rapid linear change in inclination angle on the light curves of GRB afterglows.
In this work we model the X-ray afterglow light curves of selected GRBs ( §2.3) with the spin-down power of a nascent neutron star: L X = ηL sd where η is an efficiency factor for conversion of spin-down power to X-ray luminosity. We assume the star to be spinning-down in the presence of a corotating plasma, under the action of the alignment torque coupled with the spin-down torque ( §2.1). When necessary we allowed also for the exponential evolution of the magnetic dipole moment, either growth or decay. We inferred the period, inclination angle, magnetic dipole moment of the star at the start of the plateau phase, evolutionary time scale of the magnetic dipole moment and its relaxed value by following a Bayesian framework ( §2.2) and calculated the braking indices of nascent magnetars. In order to sample from posterior probability distributions we used an affine-invariant Markov Chain Monte-Carlo Ensemble sampler, emcee (Foreman-Mackey et al. 2013) ( §2.2).
METHOD

Model equations
The spin-down (Spitkovsky 2006) and alignment (Philippov et al. 2014 ) torques in the presence of a corotating plasma (Goldreich & Julian 1969) are
The alignment in the presence of the corotating plasma is slower compared to the vacuum case (Philippov et al. 2014 ).
In the plasma-filled magnetosphere model the braking index is given as (Arzamasskiy et al. 2015; Ekşi et al. 2016) :
The magnetic dipole moment of nascent magnetars could be changing in the time-frame of our analysis either because the magnetic field (Duncan & Thompson 1992; Akiyama et al. 2003; Cheng & Yu 2014) or the radius (Burrows & Lattimer 1986 ) of a millisecond nascent magnetar could change. To simplify matters we assume that this initial transient stage is described by an exponential relaxation
where t m is the evolutionary time-scale of the magnetic dipole moment, µ 0 is the magnetic dipole moment at the start of the plateau phase and µ ∞ is the value the magnetic dipole moment tends to relax; i.e. the magnetic dipole moment the star will have for an extended life. In case the magnetic dipole moment evolves simultaneously with the inclination angle, the braking index is given as (Ekşi 2017 )
where τ c ≡ −Ω/2Ω and τ µ ≡ −µ/μ. Using Equation (4) we obtain
and by using Equation (1)
We assume the X-ray luminosity of the afterglow scales with the spin-down luminosity L sd = −IΩΩ so that
where η is a constant. This factor not only represents how efficiently the spin-down luminosity is converted into X-rays in the observed band, but also takes care of the beaming hence can be greater than unity.
Parameter estimation
Our parameter sets are {P 0 , sin α 0 , µ 0 } for the constant magnetic dipole moment case and {P 0 , sin α 0 , µ 0 , µ ∞ , t m } for the changing magnetic dipole moment case.
The efficiency factor η in Equation (8) is not a parameter that could be determined independent of µ 0 and P 0 . Because of the underlying symmetry of the equations, P 0 → P 0 √ η and µ 0 → µ 0 √ η will result with the same light curve. In the following, we present results obtained for η = 1. However, using the underlying symmetry above one can easily estimate the P 0 and µ 0 values that would give the same results for a different value of η (see Figure 8 ).
In order to estimate the nascent magnetar parameters and their credible regions we followed the Bayesian approach. The posterior probability distribution, following Bayes' theorem, is defined as (Sivia & Skilling 2006) prob (hypothesis|data, I) = prob (data|hypothesis, I) × prob (hypothesis|I) prob (data|I)
Here, I is the background information which is usually omitted in the representation of the theorem, prob(hypothesis | I) is the prior probability which represents our prior knowledge on the parameters of the hypothesis and prob(data | hypothesis, I), i.e. likelihood, probability of obtaining the data given that our hypothesis is true. prob(data | I) is the probability of our data which is also called as evidence and can be omitted in the parameter estimation applications since it will behave like a normalization factor (Sivia & Skilling 2006) . Thus, we can write the posterior probability distribution as
Here, we used a Gaussian ln-likelihood function 1 such that
and uniform prior probability in specified parameter ranges (see Table 1 )
The luminosity model, f (θ), we employed is given in Equation (8). We solved the coupled equations, (1) and (2), described in Section 2.1 using scipy.integrate.odeint to find Ω(t) and α(t) and calculated the light curve with Equation (8). In all calculations we fixed the moment of inertia as I = 10 45 g cm 2 . In order to calculate the posterior probability distributions of our parameter sets, i.e., {P 0 , sin α 0 , µ 0 } and {P 0 , sin α 0 , µ 0 , µ ∞ , t m }, we used an affine-invariant Markov Chain Monte-Carlo Ensemble sampler, emcee (ForemanMackey et al. 2013 (ForemanMackey et al. , 2018 . We used 500 walkers for each parameter. In the first run of the emcee we used 50, 000 steps for burn-in phase. In the main phase we adjusted the number of steps according to the integrated autocorrelation time (τ f ) (Goodman & Weare 2010; Foreman-Mackey et al. 2013 ) which is calculated using acor (Foreman-Mackey 2012) package. At every hundred steps we calculated τ f and its difference from the previous step. When the step number is smaller than 100τ f and the differences in new and old τ f value is smaller than 0.01, we assumed that the chain has converged 2 . In order to be more conservative we continued sampling until either the step number is reached up to five hundred times the maximum τ f or 100, 000 steps. Then we "thinned" the sample by the half of the mean τ f . In the second run of the emcee we initialized the chains around a small Gaussian ball of most probable values of the parameters determined in the first run of the emcee. The parameter values and their uncertainties are obtained from the median and standard deviation of the posterior probability distributions. Finally, we calculated the evolution of the braking index from Equation (3) and Equation (5) for constant and changing magnetic dipole moment cases, respectively. The triangle plots are plotted with the getdist (Lewis et al. 2018 ) package.
GRB sample
GRBs display a bimodal distribution of duration (Kouveliotou et al. 1993) : the short-(t < 2 s) and long-duration bursts (t 2 s). Furthermore, the detection of several GRBs with durations exceeding thousands of seconds brought out the possibility of a third class of GRBs named as ultra-long GRBs (Levan et al. 2014 ) (ULGRBs). Short GRBs have long been considered, on theoretical grounds, to arise from the merger of two neutron stars (Blinnikov et al. 1984; Paczynski 1986; Eichler et al. 1989) , an idea which was spectacularly confirmed by the detection of gravitational waves (Abbott et al. 2017a ) released during inspiral of two neutron stars associated with GRB 170817 (Abbott et al. 2017b ). The merger of binary neutron stars may result with the formation of a rapidly rotating (P ∼ 1 ms) magnetar (Duncan & Thompson 1992) which is centrifugally supported and may collapse to a black hole upon slow-down. The origin of the long-duration GRBs are understood as the deaths of massive stars in core-collapse supernovae of Type 1c (Woosley 1993) . Some long and ultra-long duration GRBs, nevertheless, are also suggested to be associated with magnetars (see, e.g. Gompertz & Fruchter (2017) ). Therefore, we do not use the prompt emission duration as a selection criteria for candidate searches since both types could host magnetars.
We obtained GRB light curves from the Swift XRT GRB light curve repository 3 (Evans et al. , 2009 . Exploring all the available GRBs we especially selected the ones which contain plateau phase since those are the most probable candidates for hosting a magnetar as the central engine. We then computed the luminosity values from flux light curves in the Swift XRT energy range (0.3 − 10 keV) using
Here, d L (z) is the luminosity distance which depends on the redshift of the source. F X is the unabsorbed flux values. We used Swift XRT data in photon counting (PC) mode and also included the data from windowed timing (WT) mode if available. k is the cosmological k-correction due to cosmological expansion (Bloom et al. 2001) .
Here Γ is the photon index of the power law. We obtained the photon index values from Swift XRT GRB lightcurve repository. We calculated the luminosity distance using a flat ΛCDM cosmological model with cosmological parameters H 0 = 71 km s −1 Mpc −1 and Ω M = 0.27 with astropy.cosmology subpackage (Price-Whelan et al. 2018; Astropy Collaboration et al. 2013) . We obtained most of the redshift values of the sources from the same GRB light curve repository. For the sources which there is no redshift information in that repository, we used published values from literature. We list these values and their references in Table 2 . Due to the limited energy that can be extracted from a magnetar, only a subset of the GRBs can be modelled with the magnetar central engine assumption. Here we present the strongest candidates for which the magnetar central engine would be favoured due to the presence of a plateau. We note that although we did not use the duration of GRBs as a selection criteria, we find that all strong candidates listed in Table 2 belong to long-GRB class (Barbier et al. 2006; Stamatikos et al. 2007; Parsons et al. 2007; Barthelmy et al. 2007; Guidorzi et al. 2007; Palmer et al. 2007; Cummings et al. 2014; D'Ai et al. 2016; Palmer et al. 2016; Markwardt et al. 2009 ).
RESULTS AND DISCUSSION
We modelled the X-ray afterglow light curves of seven long GRBs with magnetic dipole radiation model described in § 2.1. Four GRBs in our sample (see Table 2 ), GRBs 060510A, 070420, 070521 and 140629A, are best modelled with a constant magnetic dipole moment (see Table 3 ). We present the evolution of luminosity, period, inclination angle and braking index of these GRBs in Figures 1, 2, 3 and 4 (left panels). In three cases, GRBs 070508, 091018 and 161219B, the model with constant magnetic dipole moment resulted in reduced chi-squared values greater than ∼ 3. Consequently, for these GRBs we allowed the evolution of the magnetic dipole moment according to Equation (4). We find that for these GRBs magnetic dipole moments of the magnetars decrease rapidly. The putative nascent magnetar parameters including the evolutionary time-scale of the magnetic dipole moment and its relaxed value for the three GRBs are listed in Table 4 and evolution of the parameters is presented in Figures 5, 6 and 7 (left panels). 1D and 2D posterior probability distributions of the parameters for all GRBs are shown on the right panel of each figure.
The drop in the magnetic dipole moment, µ = 1 2 BR 3 , might either be due to a decaying magnetic field, B, or the radius of the star, R, settling. However, the time-scale for the settling of the radius of a proto-neutron star is ∼ 10 s (Burrows & Lattimer 1986 ) which is much shorter than the time-scale for the evolution of the magnetic moment inferred in this work, 0.02 − 0.3 day. It is then unlikely that the change in the magnetic moment is due to the change in the radius of the star. The time-scale for the change in the magnetic dipole moment inferred from the fits is much shorter than the secular magnetic field decay time-scale in the magnetar model (Colpi et al. 2000) ∼ 10 3 yr. What we "observe" here could be the tail of the strong B ∼ 10 16 G magnetic field associated with the prompt emission (Beniamini et al. 2017) .
It is interesting to see that for the 7 GRBs we analysed the inclination angles of nascent magnetars at the start of the plateau phase are found to have values distributed in the narrow range of ∼ 30
• − 45
• . As a result of the alignment between the rotation and the magnetic axis, the spin-down luminosity, L declines less rapidly than L ∝ t −2 resulting from pure spin-down. One requires magnetars with higher magnetic dipole moments to address a certain light curve. Note that all the P 0 , µ 0 curves in Fig. 8 remain below the canonical P 0 = 1 ms, µ 0 = 1 × 10 33 G cm 3 point. It is remarkable that the light curves could be modelled by assuming slower rotating (P 0 ∼ 10 ms) magnetars with very strong magnetic dipole moments (µ 0 ∼ 10 34 G cm 3 ) depending on the value of η. In the model employed here the inclination angle approaches to small values as α ∝ (t/t 0 ) −1/2 in a spin-down time-scale (Philippov et al. 2014) . Drastic changes observed in the inclination angle and magnetic dipole moment, as well as the spin period during the extended emission stage of nascent magnetars may be caused simply because the star, initially, is in an extreme stage displaying transient behaviour. This is demonstrated by the obvious evolution of the inclination angle, as prominent as the evolution in the spin period. The same alignment torque would also lead to the formation of very young neutron stars with aligned conventional (B ∼ 10 12 G) magnetic fields though in a longer time scale. Such objects, however, can not show up as a rotationally powered pulsars. This may explain the lack of detection of a rotationally powered pulsar in SN 87A (Alp et al. 2018 ) and the central compact object in Cas A (Chakrabarty et al. 2001 ). This picture, in order to address the existence of many young rotationally powered pulsars, such as Crab, requires that the inclination angle that is reduced during the first years following birth should increase in the longer term. There is indeed evidence that inclination angle of the Crab pulsar has been increasing at a rate 0.62
• ± 0.03 • per century (Lyne et al. 2013) . The cause of this counter-alignment is yet to be clarified.
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